Whether exercise-induced increases in left ventricular mass can alter left ventricular diastolic function was evaluated by measuring transmitral flow velocitiesat rest by Doppler echocardiography in IS amateur endurancetrained runners and IS age-and sex-matched sedentary control subjects. Ventricular mass index, end-diastolic volume index and stroke volume index were derived from measurements of M-mode echocardiograms recorded under two-dimensional guidance. All three variables were increased in the runners (p < 0.01). These findings, plus the lower heart rate at rest (p < 0.001), were consistent with endurance training. Although the runners had an almost twofold greater myocardial mass index, their peak Although much is known about the effects of endurance training on the cardiovascular system, relatively little is known about how the accompanying increase in left ventricular mass affects left ventricular diastolic function. This is of particular relevance because it is now known that some forms of cardiac hypertrophy, such as that associated with hypertensive cardiovascular disease, can result in abnormal left ventricular filling (1-4). These clinical studies demonstrated an inverse relation between left ventricular mass and the peak rate of early diastolic filling (2-4). Thus, it is important to identify whether such altered filling is common to an increased left ventricular mass irrespective of the mechanisms leading to hypertrophy or, more probably, that diastolic dysfunction occurs only under certain pathologic conditions. The increased myocardial mass in endurancetrained athletes provides an opportunity to determine whether differences in diastolic function can be related to myocardial mass in subjects with healthy ventricles. © 1986 by the American College of Cardiology early diastolic filling velocity and time to peak filling velocity did not ditTer from those of the sedentary subjects. In runners, the peak filling velocity with atrial systole tended to be lower (p = 0.12), the ratio of peak filling velocity with atrial systole to that of early diastole was less (p < 0.05) and the percent of stroke volume contributed by atrial systole was less (p < 0.001). These ditTerences in atrial filling may be related to the lower heart rates at rest in runners. In summary, significant increases in left ventricular mass, when associated with endurance training, do not alter the early diastolic filling of the left ventricle. (J Am Coli Cardiol 1986;8:289-93) 
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(J Am Coli Cardiol 1986;8:289-93)
Methods
Subjects (Table 1) . Fifteen amateur endurance-trained subjects were studied. Their primary form of exercise was running and all consistently ran a minimum of 12 miles a week for at least the prior 6 months. They were age-and sex-matched with 15 healthy, lean, sedentary control subjects. These control subjects did not participate in running, bicycling, swimming or any ball sports in the 6 months before the study and did not work at jobs requiring moderate or heavy physical exertion.
The age of the subjects ranged from 23 to 43 years. Body surface area measurements were nearly identical in the two groups. The runners trained between 12 and 82 miles a week. Four had completed full marathons, one a half-marathon and nine regularly participated in local 10 km events. In addition to running, two used modest weight training and one used bicycling. In each group 12 subjects were men and 3 were women. The male and female runners trained for nearly the same number of miles a week (34.8 versus 38.7 miles, respectively). The mean heart rate was significantly lower for the runners than for the control subjects (p < 0.001).
Acquisition of echocardiographic studies. After the subject had rested 15 minutes in a quiet, semidarkened room, the echocardiographic examination was performed using a mechanical sector scanner with a pulsed Doppler system employing spectral analysis display of the frequency shifts (Diasonics DRF-4(0). Table 1 . Subject Characteristics the apical window using either the apical long-axis or four chamber view. After positioning the 4 mm sample volume within the most apical portion of the mitral valve leaflets (in early diastole) the flow signal was optimized by transducer angulation. The optimal signal contained the highest velocities demonstrating a laminar flow profile. Angle correction was not applied.
The M-mode echocardiographic recordings of mitral leaflet motion as well as left ventricular minor-axis dimensions and wall thickness were obtained from the standard left parasternal transducer position using two-dimensional guidance to ensure optimal sample location.
Echocardiographic measurements and calculations,
All data were recorded at a sweep speed of 50 mm/s on 112 inch (1.27 em) VHS videotape. Five cardiac cycles of high quality were identified for each echocardiographic recording and hard copies obtained for measurements with the resulting hard copy sweep speed at 65 mm/s. After the data were coded so that the observer did not know the exercise status of the subject, all measurements were performed on a commerical microprocessor system (Graphics Analyzer, Numonics Corporation) and then averaged for five cardiac cycles.
The M-mode echocardiographic measurements ofthe left ventricle were performed using the leading edge to leading edge convention (5) . Left ventricular myocardial mass was calculated using the method of Woythaler et al. (6) because this method uses standard echocardiographic measurements and has undergone pathologic validation. Left ventricular volume indexes were calculated using the Teichholz volume formula (7) . The ratio of wall thickness to cavity dimension at end-diastole was calculated as septal thickness plus posterior wall thickness divided by the left ventricular minoraxis end-diastolic chamber dimension (8) .
Measurements of the Doppler profile of transmitral flow velocity are shown in Figure IA . The peak velocity of early diastolic flow and the peak velocity of flow with atrial systole were measured from the zero velocity line to the highest modal velocity. The relative contribution of atrial systole to stroke volume was calculated as the area under the flow velocity profile during atrial systole divided by the total area of the flow velocity profile and expressed as a percent. In the velocity profiles where the flow with atrial systole began before the completion of the early rapid filling phase, the area contributed by atrial systole was considered to be that above the extrapolated deceleration line of the velocity profile of early filling (Fig. IB) ...~.. .. .'. ., :;
. . 
Results
Comparisons of left ventricular measurements ( Table   2 ). The endurance-trained subjects had a significantly greater left ventricular mass and mass index ( Fig. 2A) than those of the control subjects. Only three endurance athletes (one woman and two men) had a mass index less than 100 g/rrr'; none of the control subjects had a mass index higher than was determined as the time from the onset of early diastolic flow to the onset of electrical activity of the subsequent QRS complex.
A time intervalofearlydiastolicrapidfilling (rapidfilling time) was defined as the time from mitral valve opening (D point) to the peak velocity of early diastolic filling. Because M-mode and Doppler flow studies required two separate echocardiographic recordings, the rapid filling time was determined indirectly by subtracting the time from the onset of the QRS complex to the peak velocity of early diastolic filling minus the time from the onset of the QRS complex to the mitral valve D point (Fig. lA) . This interval, rather than the interval from the apparent onset of flow to the peak velocity of early diastolic filling in the Doppler recording, was used because the spectral analysis system contained a fixed 200 Hz high pass filter that could have obscured the actual onset of transmitral flow. The RR intervals for the M-mode and Doppler tracings used to calculate the rapid filling time were closely matched (RR M-mode = 1,002 ± 281 ms; RR Doppler = 1,070 ± 170 ms; r = 0.93, SEE = 69 ms). The rapid filling time was not measured for two subjects in each group because the mitral valve D point could not be accurately determined.
Statistical analysis. The unpaired t test was used in all
comparisons between the sedentary and endurance-trained groups with the level of significance set at a probability of less than 0.05. The results are reported as the group mean ± SD. Least squares linear regression analysis was used where specified. this value. The larger left ventricular mass was related to an increase in both wall thickness and cavity dimension. The athletes had a significantly higher ratio of wall thickness to cavity dimension, although not by a large degree, and their end-diastolic volume and stroke volume indexes were also significantly greater. These anatomic observations plus the lower heart rate at rest are consistent with an endurance training effect (l 0).
Comparisons of left ventricular filling (Table 3) . The peak velocity of early diastolic ventricular filling was similar in the endurance-trained and sedentary subjects (Fig. 2B) . The rapid filling time did not differ between the groups. Furthermore, there was no relation between left ventricular mass or mass index and the peak early diastolic filling velocity either within groups or when all subjects were considered as one group. VENTRICULAR FILLING IN ENDURANCE ATHLETES lACC Vol. 8, No.2 August 1986:289-93 *p < 0.05; tp < 0.001. A FV = peak filling velocity with atrial systole; EFV = peak filling velocity in early diastole; Rapid filling time = the time from mitral opening to the peak early diastolic filling velocity.
Discussion
Physiologic hypertrophy and early diastolic filling. We utilized Doppler echocardiography to assess left ventricular filling in endurance-trained athletes and sedentary control subjects, and found that the time course and the velocity of early diastolic filling were similar for the two Because neither left ventricular mass nor mass index correlated with the peak early diastolic filling velocity, we examined whether any of the other variables measured in this study were associated with the range of values seen for this velocity measurement (0.46 to 0.81 m/s). End-diastolic dimension, septal thickness, posterior wall thickness, stroke volume index and the ratio of wall thickness to cavity dimension did not exhibit significant correlations with the peak early diastolic filling velocity. However, this velocity measurement had weak inverse correlations with body surface area and end-systolic minor-axis dimension (r = -0.33 and -0.30, respectively, p < 0.10 for both). None of the runners had a velocity profile in which atrial systole partially overlapped the deceleration phase of early diastolic filling. In contrast, there was overlap in five control subjects so that the area measurements had to be performed as noted in Figure lB .
The ratio of the peak filling velocities with atrial systole to those of early diastolic filling. and percent contribution of atrial systole to stroke volume were significantly lower in runners (Fig. 2C,D) . This appeared to be related to their longer diastolic filling time because, when all subjects were considered as one group, there were significant negative correlations between the diastolic filling period versus the peak filling velocity with atrial systole, the ratio of the peak filling velocities with atrial systole to early diastolic filling and the percent of stroke volume contributed by atrial systole (r = -0.59, -0.65 and -0.62, respectively, all p < 0.001). groups. Thus, in view of the increased left ventricular mass in runners, it is evident that left ventricular mass itself is not an important variable influencing early diastolic filling in healthy subjects. These results are consistent with prior studies in runners whose early diastolic filling was assessed by other techniques (11-13). Shapiro and Smith (11) reported that endurance training of sedentary subjects over a 6 to 12 week period resulted in an increased left ventricular mass, but there were no changes in left ventricular diastolic function as measured by digitized M-mode echocardiography. Granger et a1. (12) compared variables of early diastolic filling, using the nuclear stethoscope, in competetive long distance runners and age-matched nonathletes. Again, early diastolic filling was similar for both groups despite the greater left ventricular mass index in the runners. Diastolic filling in competitive runners was also determined by digitized Mmode echocardiography in the study by Matsuda et a1. (13) where the early diastolic filling in runners was actually enhanced at rest and during low level exercise.
Our results using Doppler echocardiography complement these reports in which left ventricular filling was measured indirectly. The nuclear stethoscope provides an estimate of the changes in ventricular blood volume on the basis of alterations in precordial radioactivity. Digitized M-mode echocardiography measures changes in the ventricular minor-axis dimension with the presumption that these changes in dimension parallel ventricular filling. Doppler echocardiography directly measures the velocity of inflow. Although these techniques assess different variables of filling, they all support the concept that physiologic hypertrophy does not impair early diastolic filling of the left ventricle.
Ventricular filling with atrial systole. Doppler echocardiography is a very useful method for assessing the atrial contribution to ventricular filling. It has high temporal resolution and can detect beat to beat changes in filling velocities. Furthermore, because the area under the velocity profile is proportional to stroke volume (9, 14, 15) , the ratio of the area under the atrial velocity profile to the area of the total velocity profile provides an estimate of the atrial contribution to stroke volume.
In endurance-trained subjects both the percentage of stroke volume contributed by atrial systole and the ratio of the peak filling velocities with atrial systole to early diastolic filling were significantly less than those of control subjects. Because both were inversely related to the length of the diastolic filling period, it is probable that the longer diastolic filling periods in the runners allowed for more complete atrial emptying before atrial systole, and thus the atrial systolic component of filling was less.
One might speculate that in endurance-trained subjects, the smaller atrial contribution to stroke volume at rest could provide an atrial reserve that would be available to maintain or increase stroke volume during exercise. This potential to increase atrial transport, along with a greater heart rate reserve than that of untrained individuals, might contribute to the ability of endurance-trained subjects to achieve a higher cardiac output during exercise.
The observation in runners that left atrial systole plays a lesser role in ventricular filling at rest is in marked contrast to the Doppler transmitral flow data obtained from subjects with pathologic hypertrophy. In hypertensive subjects (16) and patients with nonobstructive hypertrophic cardiomyopathy (17) the proportion of filling with atrial systole, as reflected by the ratio of peak filling velocities with atrial systole to early diastole, is increased. In these conditions the prolongation of the time course of early diastolic filling (1,3,4) and the decrease in the extent of filling in early diastole (1,4) impede optimal atrial emptying before atrial systole. Hence, it is not surprising that the atrial contribution to filling would be augmented in these diseases.
Conclusions. The increase in left ventricular mass index associated with endurance training did not alter early diastolic filling. In comparison with control subjects, endurance-trained subjects had a lesser atrial contribution to ventricular filling, which appeared related to their slower heart rate and longer diastolic filling period.
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